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ABSTRACT 
Material degradation through corrosion is a major threat to any process 
industry. The losses due to corrosion can be either direct or indirect. 
Combating this problem by engineering the surfaces is the economically 
viable solution. Chemical Vapor Deposition is the modem technology 
whereby the condensation of the solid material takes place from the vapor 
phase at a higher temperature. CVD finds extensive applications in optical, 
ceramic, electronic and allied industries. The possibility of controlling the 
deposition composition, microstructure, and making tailor-made coatings for 
specific applications has made CVD more user-friendly. This review briefly 
reviews the thermodynamics, kinetics, design and technological aspects of 
Chemical Vapor Deposition, and also summarizes its potential use for surface 
engineering for corrosion and wear protection. 
1. INTRODUCTION 
Each metal has its own properties, such as density, melting and boiling 
points, erosion, wear and corrosion resistance, etc. Specific application of a 
particular metal imposes special constraints. It will not always be easy to 
identify a particular material to fulfill all our expectations. Going for a 
superior material will raise the design cost. Allowing for frequent shut downs 
for various reasons will affect production and thereby cost. Operating 
industries face a major threat because of this problem. Such a crucial 
circumstance can be averted to some extent by modifying the structure with a 
composite type of coating wherein a few microns of superficial layer will 
take care of the wear, erosion and corrosion resistance while the cheaper base 
material retains its cost effectiveness. For example, a cutting tool with only a 
few micron thick coating of Titanium Carbide (Tic) or Titanium Nitride 
(TiN) over it will show a tremendous improvement in its wear resistance 
ProPertY. 
Coatings in general can be achieved by liquid dip coating, 
electrodeposition, particulate process, physical vapor and chemical vapor 
deposition. The liquid dip coating method is well known for large scale 
processing but is inefficient for thin and closely controlled growth. 
Electrodeposition, in spite of its existence for the past several decades, still 
faces problems in achieving pore free, thick and uniform coatings over 
complex shapes. Physical and chemical vapour deposition finds extensive 
application in modem industrial life. 
The chemical vapour deposition process, foremost among modem 
industrial applications, explores the possibility of depositing almost all the 
metals available in the periodic table, some of their oxides, ceramic materials, 
etc., in a precisely controlled manner that finds extensive application in 
erosion, wear and corrosion resistance coatings, semiconductor industries, 
optical applications, decorative finishes, etc. 11-71. Its uniqueness lies in its 
ability to control and check the quality of the coating at various stages of 
processing. 
2. THERMODYNAMICS OF CVD 
CVD reactions are complex and several equilibria and interactions have 
to be taken into consideration. Many data may have to be estimated or even 
experimentally determined. There are good sources of thermodynamic data 
18-101. Several computer programmes have also been used in analyzing the 
complex reactions I1 1,121. Ten rules for predicting chemical transport 
reactions have been formulated by Schafer 1131 and the utility of Go-T 
diagrams for vapour transport has been attempted by Jeffes et al. 1141. The 
flow dynamics and modeling of CVD have been discussed 1151. The 
thermodynamic analysis and deposition of refractory materials have been 
discussed by Bernard and Madan 1161. 
The thermodynamic favourability of a particular CVD reaction is 
analysed by calculating the transfer of free energy associated with that 
particular reaction 
AGO,= Z ~ ~ ~ ~ ~ r o d u c t s  - Z AGOf reactants 
The free energy of formation is not a fixed value but varies as a function 
of several parameters, which include the type of reactants, the molar ratio of 
these reactants, the process temperature and the process pressure. 
The applications of thermodynamics to CVD systems in which the 
deposition of one particular phase is strongly dominant 117,181 involve 
interrelating (a) the controllable experimental variables to (b) the 
fundamental properties of the system to (c) the chemical compositions and 
phase assemblages to (d) the deposition rates and efficiencies to (e) the 
morphological nature and crystallite size of the deposited materials. 
The efficient application of thermodynamics to an experimental CVD 
system needs the clear definition of experimentally controllable variables, the 
properties of the process that can be calculated and the measurable properties 
of the system. 
Experimentally controllable variables typically include (a) temperature 
(b) total pressure and (c) the ratios of the chemical elements in the input gas. 
In addition to these thermodynamic variables, they also include the kinetic 
variables such as (a) total flow rate (b) system geometry and (c) substrate 
chemistry. Specific cases have been dealt by many authors 119-221 by 
considering the CVD phase diagrams and they were able to optimize the 
process control of the CVD system by analyzing the eficiency diagrams. 
3. KINETICS OF CVD 
The sequence of events occurring during a CVD reaction can be 
summarized as follows 1231 : 
1. The reactant gases enter the reactor by forced flow 
2. They diffuse through the boundary layer 
3. They are adsorbed on the surface of the substrate where the chemical 
reaction takes place at the interface. Other events such as lattice 
incorporation and surface motion may also take place at this stage. 
4. The gaseous by-products of the reaction are desorbed and diffuse away 
from the surface, through the boundary layer. 
These sequences occur in order and the slowest one is the rate 
determining step. This can be determined by either a) the surface reaction 
kinetics, b) the mass transport, c) gas-phase kinetics. 
In the case of surface reaction kinetics, the quantity of reactant gases 
available determines the rate occurring at low temperature and low pressure. 
The diffusion rate of the reactant gases through the boundary layer controls 
the reaction; it will be mass transport phenomena. i.e. at high pressure and 
high temperature. Mass transport of a CVD system links diffusion control, 
chemical kinetics and fluid-flow dynamics. Diffusion growth can be 
ascertained from chemical kinetics by 
Rate constant of growth = A exp (-E/kT) 
where E is the activation energy, k is the Boltzmam's constant and T the 
temperature. The growth rate changes at a transition temperature from a 
predominant kinetic to diffusion control with increase in substrate 
temperature. Hence it is possible in CVD, by controlling the experimental 
parameters such as temperature and pressure, to switch the process from 
surface reaction kinetics to mass transport and vice versa. The chemical 
kinetics and mass transport characterization of chemical vapor deposition are 
considered with the example of boron trichloride hydrogen reduction. 
Methods of quickly estimating rates of mass transport are indicated and a 
mathematical description of the experimentally measured chemical kinetics is 
given /24/. Several mass transport models have been discussed 1251. 
The CVD structure can be either of columnar grains capped by a dome- 
like top or of columnar growths with more facets or made up of fine equiaxed 
grains. 
Designing or specifying the CVD coating reactor for a specific 
application requires knowledge of a number of factors. It is important to 
know the type of coatings to be applied, the style and size of the tools to be 
coated and the uniformity and quality of coating required. 
Once the system is specified and designed, it is important that the process 
instructions are followed to produce the coating quality and production 
required. The reactant concentration, flow rate, substrate temperature, heating 
and cooling cycle, coating time and gas purity all have to be adjusted and 
controlled for specific type of coating. 
4. CVD PROCESS 
In general, the CVD process has the following four stages: 
1.  Precursor compound and its vaporization 
2. Vapour transport mechanism 
3. The reactor and 
4. By product disposal system 
4.1. Precursor compound and its vaporisation 
The material to be deposited is taken in some easier form such as 
halides of metals, etc. The choice of precursor compounds depends on 
many factors including its volatility, purity, easy availability, vaporization 
temperature, etc. In some cases, the halides of metals have been formed in 
situ and used for deposition 1261. A more recent trend is to have a precursor 
in the form of an organometallic compound with the special features of high 
volatility and very low vaporizing temperatures 127,281. The precursor 
compound is heated in a controlled manner to its vaporizing 
temperature so that the vapour will be available at a constant rate for 
deposition. An inert gas called the carrier gas will normally be bubbled 
through the vaporizing column so that the gas will carry away the vapour 
being generated. 
4.2. Vapour transport mechanism 
Once the vapour is generated from the precursor material, it has to be 
transported to the CVD reactor for subsequent deposition. This transport is 
normally achieved through a forced flow by precisely controlling the flow 
rate of the carrier gas. Normally an inert gas such as hydrogen, argon or 
nitrogen is used as carrier gas. The vapour transporting path is also heated 
and precisely monitored and controlled, normally to a temperature which is 
slightly less or equal to that of vaporizing temperature so as to prevent the 
vapour from condensing along the path. A mass transport monitor-cum- 
controller can also be included in this section to evaluate the efficacy of the 
CVD system. 
4.3. The reactor 
In the CVD reactor, the substrate is kept at a temperature that is 
sufficiently high that the transported precursor vapor will decompose and 
form the required coating. Depending upon the requirement, the reactor may 
operate at ultra high vacuum (Vacuum CVD) or at atmospheric pressure 
(APCVD). Heating of the substrate can either be achieved through 
conventional resistive heating (for bulk processing) or through inductive 
heating. In resistive heating (hot wall reactors), the deposition will occur all 
over the walls of the reactor. To enhance uniformity, a complex motion such 
as rotation or oscillation will be given to the substrate. The main drawback of 
the CVD is its high temperature requirement of the substrate which most 
commercial metals do not withstand. This problem could be solved by 
introducing plasma into the reactor, thereby substantially reducing the 
substrate temperature. This process is called Plasma Assisted CVD 129-351. 
Use of metallo-organic precursor compounds (MOCVD) also helps in 
decreasing the substrate temperature 1171. Local in situ heating of narrow 
regions of substrate by pointed Laser beams also facilitates the writing of 
metals by CVD 136,371. Modeling of CVD reactors has been discussed I381 
and a number of CVD reactor models have appeared in recent literature. 
Three dimensional effects in horizontal reactors for Si fiom SiH, 1391, a 
mathematical model for CVD of boron 1401, a hot wall reactor for close 
spaced vapour transport deposition systems 1411, models to meet needs of 
VLSI and MOCVD 1421, vertical flow reactor model 1431, a versatile reactor 
for UHV applications based on reusable metal sealing system 1441, and a 
fluid mechanical model for CVD in a horizontal R.F. reactor 1451 are just a 
few of many. 
4.4. By product disposal system 
Many CVD processes use precursors that are toxic and in some cases 
lethal even at lowest concentrations. Many precursors are also pyrophoric, 
such as silane, some alkyls, arsine and phosphine. Very often the reaction is 
not complete and some of the precursor materials may reach the exhaust 
unreacted. In addition, many of the by-products of the reaction are also toxic 
and corrosive. For example, deposition of Tic  fiom TiC14 and methane gas 
will yield HCI gas as by product. This suggests that all the effluents must be 
eliminated or neutralized before they are released to the environment. 
4.5. CVD Reactions 
There exist several categories of CVD reactions, some representatives of 
which are described below: 
1 .  Thermal decomposition or pyrolysis 
Because of high temperature gradient, a molecule is broken apart into its 
elements 
Ex.CH3SiC13(g) -----b SiC(s)+3HCI(g) 
2. Hydrogen reduction 
Ex. SiC1, (g) + 2H2 (g) -+ Si (s) + 4 HCI 
This type of hydrogen reduction generally takes place at a lower 
temperature than the equivalent decomposition reaction. Another 
supplementary role is that the hydrogen used in these reactions prevents 
the formation of oxides. 
3. Metal reduction of halides 
Powerful reductants such as zinc, cadmium, magnesium, sodium and 
potassium are used for reduction as 
Ex. TiCI, (g) + 2 Mg (s) -+ Ti (s) + 2 MgCI, (g) 
4. Oxidation and hydroloysis reactions 
Ex. SiH4 (g) + 0 2  (g) -----b Si02 (s) + 2 Hz (g) 
5. Reactions to form carbides and nitrides 
Carburisation is usually achieved by reacting a halide with a hydrocarbon 
such as methane 
Ex. TiCI4 (g) + CH, (g) -----b Tic (s) + 4 HCI (g) 
5. APPLICATIONS OF CVD ENGINEERED SURFACES 
A more recent review of CVD coatings - from cutting tools to aerospace 
applications - by Pocket et al. I461 highlighted the uniqueness of CVD 
because of its versatility and its ability to provide an inexpensive means of 
molecular forming. This review also explores the historical development of 
protective coatings and attempts to predict their future direction in the cutting 
tool and aerospace fields. The properties of coatings such as structure, 
porosity, density, stress, corrosion, hydrogen permeation, tribology, fatigue 
and thermal contact conductance produced by CVD and other methods were 
compared /47/. A mathematical model to predict the deposits obtained by 
Laser CVD for the deposition of thin film of oxidation, corrosion and wear 
resistant materials as well as electronic, opto-electronic and super conductor 
materials has been discussed /48/. 
5.1 General Corrosion 
Corrosion is defined as the wearing of a surface by chemical action. 
Virtually all the metals can be deposited over any metallic substrate. One can 
easily identify a more noble metal from the electrochemical series and have a 
deposition. The main problem posed by CVD is that the thermal expansion 
coefficient of the substrate metal and the coating metal should agree. In 
addition, the substrate should withstand the required deposition temperature. 
A corrosion resistant titanium rich deposit prepared by CVD at low 
temperature (<600° C) from Tris-(2.2'-bispyridine)titanium compound has 
been discussed by Morancho et al. 1491. 
5.1.1. CVD Borides for Corrosion Applications 
Typical borides are HfB2, Mo2BS, NbB2, TaB2, TiB2, W2B5, ZrB2. Borides 
are relatively inert, especially to non-oxidizing reagents. They react violently 
with fluorine. Resistance of these borides to acids and alkalis is summarized 
141. Borides are generally resistant to molten metals, at least to those that do 
not readily form borides. 
5.1.2. CVD Carbides for Corrosion Applications 
TIC has good resistance to sulfuric acid 1501. Deposition parameters 
controlling CVD of Tic on steel have been discussed by Derre et al. 15 11. A 
passivating oxide layer is formed up to a potential of 1.8 V at which point the 
corrosion becomes very severe. Tic is also very resistant to sea water, neutral 
industrial waste waters and human sweat. Tic coatings by CVD are also 
presented 1521. Cr7C3 is even more corrosion resistant and is used widely as a 
passivating layer. Carbides oxidize rapidly and they are also not resistant to 
molten slags and hsed salts. Coherent layers of W2C with thickness up to 
100 pm and hardness of about 2300 V.P.N can be obtained by the reaction of 
tungsten hexa fluoride hydrogen and an aromatic hydro carbon in the 
temperature range 400 - 700' C 1531. 
5.1.3. CVD Nitrides for Corrosion Applications 
TIN, ZrN and HfN have high thermal and chemical stability. In 
comparison, the chemical stability is less for VN, NbN and TaN and is very 
much less for CrN and MoN and WN. CVD TiN, ZrN and HfN are the most 
commonly used. They provide a good barrier to diffkion and their resistance 
to acids is generally good. BN is one of the most outstanding corrosion 
resistant materials. TiN is extremely resistant to sea water and human sweat. 
5.1.4. CVD Oxides for Corrosion Applications 
The refractory oxides such as alumina, hafnia, silica, titania and zirconia 
have characteristic excellent oxidation resistance. The chemical resistance of 
CVD oxides in reducing atmospheres, carbon, acid and basic slags and 
molten metals is summarized by Campbell and Shenvood /54/. The 
conditions for obtaining Ti02 over surgical stainless steel type 316 L by 
plasma assisted CVD have been attempted /55/. This coating increases the 
pitting and general corrosion resistance of steel. Any damage or partial 
removal of the coating does not cause an increased galvanic corrosion of the 
substrate. 
5.2. Oxidation Resistant Coatings 
For oxidation resistant surfaces, chromizing, aluminizing and siliconizing 
have been widely used. Siliconizing is extremely good for refractory metals 
and alloys since MoSi2, WSi2 and VSi2 have good oxidation resistance. CVD 
coatings of Si02 are used to protect 9 % chrome steels from oxidation in high 
pressure C02 Advanced Gas Cooled Reactors /56,57/ but thermal shock 
cracks can occur. A CVD Si02 coating on both clean and corroded steel 
greatly reduced the oxidation rate /36/. Si02 on 20 Cr 25NiNb stainless steel 
reduced the oxidation rate by 5 times in C02 at 825 O C /58/. CVD coatings of 
ZrGN, are used for solar energy absorption, wear resistance for carbide 
cutting tools and refractory protective coatings for nuclear fuel elements /59/. 
Si3N4 CVD coatings are used on Mo /60/. CVD of Si3N4 to metal substrates 
at reduced pressure was carried out by the reaction of SiCl.,, NH3 and H2 
gases at 1373 K /61/. TIN was deposited prior to the Si3N4 coating on an 
intermediate layer in order to avoid the formation of metal silicide. By keying 
effect the needle shape morphology of TiN increased the adhesion between 
TiN and Si3N4. The oxidation resistance of the film was evaluated by a cyclic 
heating test in air at 1073 K with samples being dipped in NaCl saturated 
solution for every 50 cycles. The film showed very good oxidation resistance 
compared with heat resistant alloys in the corrosive environment. TiB2 CVD 
coatings are very resistant to chemical and oxidation attack /lo/. Ti5Si3 CVD 
coating on titanium greatly reduces the oxidation rate but cracks occur after 
long periods /62/. Life time extension of valve seals and stems used in 
nuclear power plants was achieved by a unique ceramic coating using plasma 
CVD 1631. Multi-layer coatings of Al2O3ITiN/TiC, A1203/TiC and TiNITiC 
were deposited onto stellite and stainless steel. The mechanical and physical 
properties of the coatings were evaluated by various methods. The coated 
specimens showed good wear resistance in high temperature water 
environment. 
The high temperature oxidation of CVD S i c  has been studied by Goto et 
al. 1641. The deposition was found to increase' with increasing the oxygen 
partial pressure in Ar-O2 atmosphere. The corrosion behaviour of S i c  and 
Si3N4 prepared by CVD in molten Na2S04 was studied 165,661 and was 
reported as the corrosion of both the materials in argon - oxygen mixture was 
less severe compared to that in Ar; the reason for this is the formation of Si02 
which acts as a protective film against corrosion. 
A high temperature corrosion kinetic study of HK40 super alloy surface 
treated using silicon nitride in contact with eutectic mixture of 82 % K2S2o7 -
18 % V205 has been attempted 1671. 
5.3. Hard Overlay Coatings 
Wear resistance is an important feature of surface coatings which the 
industry often needs. Coatings of Tic ,  TIN and Ti(C,N) are used on tools. 
T i c  on punching dies, thread guides, cemented carbide tool inserts, on steel 
ball bearings for use in severe conditions and on pistons and valves 1681. 
Ti(C,N) is deposited on carbon steel nail heads to improve adherence and 
toughness 1691. High micro hardness T i c  coatings from propane gives 
columnar structure in <200> growth direction 1701. TiB2 deposited on Fe 
gives adherent thick film 1711. TiN deposition on cemented carbides using 
conventional CVD process and its performance related to this technology has 
been extensively reviewed 172,731. Most o f  the publications regarding TIN 
deposition on different substrates were concerned with thermodynamics 
174,751 and the kinetic aspects of the coating process 1761. A study to 
determine the relationship between the linear flow velocity of the gas mixture 
and some of the coating properties and morphological characteristics has also 
been conducted. TiN is also the most investigated wear resistant refractory in 
recent years with a wickers hardness of 1600 - 2000. It also improves the 
adherence and toughness. In a mobile furnace TiN was coated inside long 
steel tubes of lOmm ID at 1050' C 1771. More homogenous coatings are 
obtained with the furnace moving along the outlet to inlet direction. The 
CVD of TiN on stainless steel was attempted by Staia et al. 1781; thin, 
inhomogenous coatings were seen at low linear velocities, whereas better 
properties appeared at high velocities. TiN, Ti(B,N) and T i c  and the 
multilayers of the system Ti-C-N were deposited in order to analyze their 
application in aluminium die casting with regard to economical and 
ecological aspects. The coatings reached hardness values up to 4400 KH and 
the friction coefficient was in the range of 0.3. Cross sectional grain 
morphology of CVD T i c  by TEM 1791 has shown that these coatings have 
two distinct zones, namely a sub-micron zone where the growth rate of the 
T i c  is controlled by diffusion of C from substrate, and a coarse columnar or 
equiaxed zone, which is dependent on the activity in the reactor. The CVD of 
S i c  and silicon nitride on tools for electrochemical machining has been 
discussed 1801. 
A parametric study of the micro-structural, mechanical and tribological 
properties of PACVD TiN was carried out by Mogensen el al. I811 who 
found that the residual stress level and hardness varied significantly with 
changes in process parameters; the tribological properties displayed only 
minor variations. 
Erosion resistant TiB2 on valve and pump components was reported at 
750 - 1050" using chlorides of Ti and B with H2 as carrier gas and reducing 
gas 182,831. A study was made of the corrosion properties of titanium based 
hard coatings such as TiN, titanium boronitride Ti(B,N) and titanium 
carbonitride Ti(C,N) coatings which were deposited by plasma assisted CVD 
1841 on tempering and SS substrates. The coatings were characterized by 
XRD, SEM, impedance and cyclic voltammetric studies. The potential of 
hard coatings for wear protection in plastic processing units was investigated 
by Heinze 1851. Erosion resistant tungsten coatings for rocket nozzle 
applications has been discussed by Sherwood el al. 1861. Very hard CVD S i c  
layers grown on WC-Co based cemented carbide I871 show a fine grain 
structure and poor adhesion properties, attributed to the presence of 
detrimental CoSi interlayer. Intermediate multilayers of CVD TiN, Ti(C,N), 
T i c  acted as diffusion barrier to cobalt. 
Plasma enhanced MOCVD of wear resistant Ti(C,N) layers on tool steel 
for the metal organic compounds like Ti(N Me2) (4), Ti(NEt2) (4) and t-Bu Ti 
@Me2) (3) in combination with N2, Hz and Ar in reactor were reported by 
Driessen et al. 1881. 
The advances of PACVD and the development of low temperature 
PACVD and industrial applications of these techniques for the development 
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of wear and corrosion resistant surface systems have been suggested 1891. 
Multilayer coatings in the Ti-N were suggested by Bull and Jones 1901, 
showing the advantages of compositionally and structurally modulated 
coatings over conventional single layer TIN coatings in tribological 
applications. The results were discussed in light of the microstructure and 
properties of the coatings produced by the two different multiplayer coating 
techniques. 
Erosion resistant coatings are also needed for leading edges of gas turbine 
blades and aluminide coatings achieved by pack cementation are used for this 
purpose. CVD Cr7C3 replaces Ti(C,N) with much better thermal and 
mechanical shock resistance and erosion resistance. 
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